In the present study, myoglobin (Mb) and casein were investigated as representative proteins with α-helix-rich and random-coil structures, respectively. Conformational changes of hydrated proteins induced by gradual dehydration were monitored by vibrational circular dichroism (VCD) spectroscopy. In myoglobin and casein, representative α-helix-rich and random-coil proteins, respectively, an increase in left-handed optical activity in the amide I band was detected at the initial stage of dehydration, followed by an increase in opposite right-handed activity in both the amide I and II bands with further dehydration. Because the second step was observed with an increase in the turbidity of the proteins, it can be attributed to their aggregation. In contrast, because the increase in left-handed optical activity is induced by the conformational change of the proteins and is followed by the aggregation, it may derive from the increase in the regularity of the local structure in individual myoglobin or casein that triggers the aggregation.
Introduction
Conformational changes of native proteins are crucial for the expression of their functions. Representative examples are protein refolding of molecular chaperones and selective ion permeation of membrane channels. 1, 2 For the understanding of the expression mechanism of the functions from the structural point of view , they have been intensively analyzed by various spectroscopic techniques such as nuclear magnetic resonance, infrared (IR) absorption, Raman scattering, X-ray diffraction, and transient grating spectroscopies. [3] [4] [5] [6] [7] [8] On the other hand, conformational changes of proteins sometimes take their native functions away and are often responsible for the revelation of various diseases. 9, 10 These types of conformational changes are denoted as denaturation. For example, it has been recognized that denaturation of amyloid β is a trigger for Alzheimer's disease. 9, 11 One of the representative triggers for denaturation of proteins is the change in physicochemical conditions such as temperature, pressure, pH, and the amount of hydrated water. In addition, it has been proposed that the denaturation generally proceeds with multiple steps. 9, 12 The spectroscopic monitoring of the denaturation process, especially the detection of the initial conformational changes under denaturation, will not only give strong evidence for the multi-step hypothesis but also help in the understanding of the mechanism for the onset of neurological diseases.
For these purposes, the denaturation process of proteins induced by the changes in temperature, pH, and pressure has been often monitored using various spectroscopic techniques applicable for dynamic processes such as IR absorption, Raman scattering, vibrational circular dichroism (VCD), Raman optical activity, and surface-enhanced Raman scattering spectroscopies. [13] [14] [15] [16] [17] However, initial conformational changes of proteins under denaturation have not been detected spectroscopically. The study on the initial conformational changes has been limited to the usage of simulations. [18] [19] [20] Here, we focused on the spectroscopic detection of the denaturation of proteins due to dehydration and investigated their conformational changes by VCD spectroscopy. The effect of hydration on the conformational changes of denatured proteins has been studied both experimentally and computationally. 21, 22 However, those experimental studies and some simulations compare native and aggregated structures. 21,22c,22e Other simulations identify partial conformational changes of proteins at the early stage of their denaturation.
22a,22b,22d
The transient conformational changes toward denaturation have not been clarified experimentally.
For spectroscopic detection of the initial conformational changes under denaturation, VCD spectroscopy, where one measures circular dichroism activity in the molecular vibration region, will be a powerful tool. This is because circular dichroism activity sensitively reflects the slight changes in conformations of proteins. 14, [23] [24] [25] [26] [27] [28] [29] To avoid strong IR interference from bulk water, we prepared hydrated protein films.
Experimental

Reagents and chemicals
Mb from equine skeletal muscle (95 -100% purity, Sigma-Aldrich), β-casein from bovine milk (≥98%, BioUltra, Sigma-Aldrich), and tris(hydroxymethyl)aminomethane (Tris) (≥99%, Wako Chemicals) were used without further purification. Ultrapure water (18.2 MΩ, Simplicity UV system with the BioPak, MERCK MILLIPORE) was used for all sample preparations.
Preparation of hydrated Mb and casein films on CaF2 substrates in different controlled conditions
Stock solutions (5 mg/mL) of Mb and casein were prepared in 25 mM Tris-HCl buffer solutions (pH 7.4). We deposited 100 μL of each buffer solution onto a CaF2 substrate with 10 times successive deposition of 10 μL. The solution onto the substrate was dried at 25 C with N2 gas (∼5 L/min) from a nozzle set about 3 cm above the substrate. The drying was continued until most of the bulk water in the solution was eliminated. A Mb film was prepared with about 20 min of N2 drying (film 1 shown in Table 1 ). Also, a Mb film where the amount of water was less than that in film 1 was prepared with about 40 min of N2 drying (film 2 shown in Table 1 ). A casein film was prepared with about 14 min of N2 drying (film 3 shown in Table 1 ). The diameters of all the prepared films were 7 -10 mm.
IR absorption and VCD measurements of the Mb and casein films
A schematic diagram of the experimental setup is shown in Fig. 1 . All the IR absorption and VCD spectra were measured with an FT-IR spectrometer (Nicolet 8700; Thermo Fisher Scientific) equipped with a single photo-elastic modulator (PEM) optical head with a ZnSe crystal (Hinds Instruments, II/ZS50, 50 kHz). VCD apparatus with a single PEM has been utilized in the past for the structural analysis of low-molecular chiral organic compounds and polypeptides. 27, 28, 34 The spectrometer was equipped with a Tabletop Optical Module Box (TOM-BOX) for air tightness. In the TOM-BOX, a paraboloidal mirror, a linear polarizer, the PEM optical head, a film sample, a lens, and a mercury-cadmium-telluride (MCT) detector (Thermo Fisher Scientific, MCT-A*) cooled with liquid nitrogen were aligned as shown in Fig. 1 . The IR beam from the spectrometer was focused on the film sample on the CaF2 substrate. The IR beam at the focal point was 4.4 mm in diameter. The transmitted IR beam through the film was detected with the MCT detector. All the IR absorption spectra were acquired with 64 scans at a resolution of 8 cm -1 . For VCD measurements, the p-polarized component of the IR beam was passed through the linear polarizer. The p-polarized IR beam was modulated to left-and right-circular polarization at 50 kHz by the PEM optical head and then was irradiated to the film sample. All the VCD spectra were acquired with 6000 scans at a resolution of 8 cm -1 . The PEM maximum efficiency was set for quarter-wave retardation at 1600 cm -1 . The wavenumber is appropriate for the analyses of both the amide I band (1600 -1700 cm -1 ), which mainly reflects C=O stretching vibrations of peptide backbones in proteins, and the amide II band (1510 -1580 cm -1 ), which mainly reflects NH bending vibrations. To obtain the VCD spectra of the film samples, the VCD spectra of a blank CaF2 substrate obtained under the same conditions as the original spectra were subtracted from them. To examine that the obtained VCD spectra were artifact-free, we also checked the independence of the VCD signals on the film orientation by rotating the film samples through 45 and 90 to the direction of the polarized light. All the measurements were carried out at 25 C. The images were photographed just after the preparation of the films. Scale bar = 10 mm. 
Results and Discussion
To examine whether the Mb kept α-helix-rich structures in the films at first, we measured IR absorption and VCD spectra of film 1. The IR spectrum of the film showed an amide I band at 1655 cm -1 and an amide II band at 1543 cm -1 with a shoulder at around 1510 cm -1 (a in Fig. 2(top) ). The wavenumbers of the two bands are those characteristic to the α-helical conformation in proteins. 14, 25 In the corresponding VCD spectrum, an intense amide I band with right-handed optical activity appeared at around 1660 cm -1 (a in Fig. 2 (bottom)). It has been reported that the VCD pattern that is characteristic of the α-helical conformation was a positive couplet that comprised a strong right-handed optically active band at around 1660 cm -1 as a main part and a weak left-handed band at around 1640 cm -1 as a minor part. 14, 23, 25 In the VCD spectrum under our experimental condition, the former was clearly observed. However, the latter was not observed. Thus, our results cannot be fully explained by the previous couplet feature. However, because the former main features showed remarkable similarity to our results, we consider that the major part of the α-helix structure of Mb keeps the original structure in the film.
In the hydration film preparation, in contrast to the solution state, we had to watch for the appearance of the artifact signals due to the anisotropy of the prepared samples. 14, 25 We then examined the influence of the orientation of the Mb film on IR and VCD spectra. The IR and VCD measurements were measured by rotating the film, defined as 0 (normal), 45 and 90 to the direction of the polarized light (Fig. 2) . The wavenumber position and spectral sign of the amide I and II bands were independent of the orientation of the film for all of the IR and VCD spectra at 0 , 45 , and 90 , indicating that both the IR and VCD spectra for the Mb included no artifact signals.
It is interesting that the amide II band in the VCD spectra of film 1 showed at least two distinguishable peaks at 1546 and 1517 cm -1 with right-handed optical activity ( Fig. 2(bottom) ). In the previous VCD spectrum of Mb aqueous solutions, a single broad right-handed optically active amide II band has been observed. 24 Protein films are made by the decrease in the amount of water surrounding proteins in their aqueous solutions. In general, water molecules surrounding proteins increase the variation of their conformations due to hydration. Thus, the change from the broad band to the two sharper peaks may derive from the decrease of the variation due to the decrease of water surrounding Mb.
Based on the confirmation of the absence of artifact signals, then we investigated the conformational changes of the hydrated Mb due to dehydration. After film 2 was prepared, it was kept under 60 -65% of humidity inside the TOM-BOX. At first, no differences were visually observed between films 1 (20 min of N2 drying) and 2 (40 min of N2 drying) (a and b in Fig. 3A) . The apparent aggregation of the Mb in film 2 was detected about 1.5 h after the 40 min of N2 drying (c in Fig. 3A) . Then, the aggregation gradually spread throughout the film taking about 10 h (e in Fig. 3A) .
The corresponding changes in the amount of water in the Mb film during the course of the aggregation were evaluated from the IR spectra of the films in the OH stretching vibrational region (Fig. 3B) . The IR spectrum of film 1 showed the peak at 3300 cm -1 (a in Fig. 3B ). Compared to the IR spectra between film1 and 2 just after the drying, the peak position was not changed but the peak intensity decreased (a and b in Figs. 3B and 3C), indicating the decrease in the amount of surrounding bulk water. As the apparent aggregation of Mb in film 2 proceeded, the peak intensity gradually decreased (c -e in Figs. 3B and 3C). Interestingly, the peak intensity of film 2 just after 40 min of N2 drying was almost similar to that of film 2 about 1.5 h after the N2 drying, although the former was transparent and the latter showed the apparent aggregation with white turbidity. This indicates that only a slight decrease in the amount of water in the protein is able to induce the apparent aggregation. In addition, due to the decrease in the peak intensity of water, we were able to clearly observe the peak at 3190 cm -1 , which was assigned to NH stretching mode of the peptide backbones in Mb (d and e in Fig. 3B ). Figure 4 shows the change of the IR and VCD spectra due to the dehydration of Mb in the region 1400 -1800 cm -1 . As described above, the IR spectrum of film 1 showed an amide I band at 1655 cm -1 and an amide II band at 1543 cm -1 with a shoulder at around 1510 cm -1 (a in Fig. 4(top) ). No differences in the IR spectra between film 1 and film 2 just after the drying were observed (a and b in Fig. 4(top) ). In contrast, with the progress of the apparent aggregation, a shoulder appeared at around 1630 cm -1 in the amide I band (solid line in Fig. 4(top) ). In addition, the amide II band in film 2 about 10 h after the drying showed an increase in the intensity at around 1548 cm -1 (dashed line in Fig. 4(top) ).
Compared to the corresponding VCD spectra between film 1 and 2 just after the drying, a decrease in right-handed optical activity at around 1660 cm -1 was observed in film 2, indicating the decrease in the content of α-helix structure due to the dehydration of Mb (a and b in Fig. 4(bottom) ). Another noticeable feature in film 2 was the increase in left-handed optical activity in the region 1600 -1640 cm -1 (solid line with arrow in Fig. 4(bottom) ). At the onset of the apparent aggregation of Mb owing to its dehydration, the intensity of the left-handed optical activity further increased (c in Fig. 4(bottom) ). Additionally, the intensity of the left-handed optically active amide II band from 1535 to 1575 cm -1 increased. With the progress of the aggregation of Mb, the intensities of the two sharp right-handed optically active amide I and II bands at around 1630 and 1555 cm -1 , respectively, drastically increased (dashed lines with arrow in Fig. 4(bottom) ). Thus, the increase in right-handed optical activity can be attributed to the aggregation of Mb. It is worth mentioning that such an increase in right-handed optical activity in the amide I band was also reported in the aggregation or fibrillogenesis of proteins and peptides such as polyalanine octamer, insulin, and lysozyme. [26] [27] [28] [29] We examined the influence of the orientation of the aggregated Mb on IR and VCD spectra. The apparently aggregated Mb film was prepared by the conservation inside the TOM-BOX for 10 h after 40 min of N2 drying of the Mb stock solution. The wavenumber position and spectral pattern of the amide I and II bands in the film were independent of the orientation of the film for all of the IR and VCD spectra at 0 , 45 , and 90 , indicating that the aggregated Mb did not show anisotropy (Fig. 5) .
In contrast, the initial increase in left-handed optical activity in the amide I band before the onset of the apparent aggregation has not been previously reported. For the discussion of the increase in left-handed optical activity, a point of attention is the spectral changes owing to the reduction of the IR absorption in the OH bending vibration at 1645 cm -1 due to the decrease in the amount of water. To confirm the spectral changes, we checked whether the IR intensity at 1645 cm -1 increased due to the decrease in the amount of water. In a series of the IR spectra, little increase in absorbance at around 1645 cm -1 was observed (Fig. 4(top) ). Thus, we can consider that the increase in left-handed optical activity is caused by the changes in VCD activity derived from a conformational change of Mb. Because the increase in left-handed optical activity was followed by the aggregation of Mb, it should reflect the increase in the structural regularity triggering the onset of the aggregation of Mb.
To examine whether such an increase in left-handed optical activity can be detected in another protein with a different type of secondary structure, we also measured the VCD spectrum of casein as a typical protein with random-coil conformation. 23, 24, 33 A transparent casein film was prepared in a similar manner to the Mb films (film 3 in Table 1 ). The IR spectrum of the casein film showed broad amide I and II bands at around 1640 and 1540 cm -1 , respectively (a in Fig. 6(top) ). The wavenumber and band shape of the two bands are characteristic of random-coil conformation. 24 In the corresponding VCD spectrum, a broad amide I band with right-handed optical activity appeared at around 1650 cm -1 (a in Fig. 6(bottom) ). It has been reported that the VCD pattern that is characteristic of the random-coil conformation was a negative couplet that was composed of a broad right-handed optically active band at around 1640 cm -1 as a main part and a weak left-handed band at around 1660 -1670 cm -1 as a minor part. 23 In the VCD spectrum under our experimental condition, the former was observed, while the latter not. Thus, our results cannot be fully explained by the previous negative couplet feature. However, because the main feature showed remarkable similarity to our results, we consider that the major part of the random-coil structure of casein keeps the original structure in the film. In addition, the wavenumber position and spectral sign of the IR and VCD amide I and II bands were independent of the orientation of film 3 for all of the IR and VCD spectra at 0 , 45 , and 90 (Fig. 6 ), indicating that both the IR and VCD spectra of the casein film include no artifact signals.
For the detection of the conformational change of casein due to its dehydration, the casein film was kept under 60 -65% of humidity inside the TOM-BOX after the N2 drying. The film was transparent for about 10.5 h after the drying, and then it aggregated with white turbidity after about 50 h (b -d in Fig. 7A ). From the IR spectra of the film in the OH stretching vibrational region, the changes in the amount of water in casein during the course of the aggregation were measured (Fig. 7B) . The IR spectrum of film 3 just after the N2 drying showed the broad band at around 3325 cm -1 (a in Fig. 7B) . When comparing the IR spectra of film 3 just after the drying, 9 h, and 10.5 h after the drying, the position of the wavenumber with maximum intensity was not changed, but the intensity was decreased, indicating the decrease of surrounding bulk water (a -c in Figs. 7B and 7C ). When casein apparently aggregated, the intensity of the band drastically decreased, indicating a drastic decrease in the amount of the water at the onset of the apparent aggregation (d in Fig. 7B ). In addition, due to the decrease in the amount of water, a sharp peak centered at 3190 cm -1 in the IR spectra was clearly observed as detected also in Mb (d in Fig. 7B ). The peak can be assigned to NH stretching mode of the peptide backbones. Figure 8 shows the change of the IR and VCD spectra due to the dehydration of casein in the region 1400 -1800 cm -1 . As described above, the IR spectrum of film 3 showed broad bands of amide I and II at around 1650 and 1540 cm -1 , respectively. No differences were observed in the IR spectra of film 3 among those for just after the drying, 9 h, and 10.5 h after the drying (a -b in Fig. 8(top) ). In contrast, when the casein visibly aggregated, the increase in the intensity of a shoulder band was observed at the lower wavenumber side (1630 cm -1 ) of the amide I peak, and another at the higher wavenumber side (1552 cm -1 ) of the amide II peak (solid and dashed lines in Fig. 8(top) ).
In the corresponding VCD spectra, an increase in the intensity of the amide I band with left-handed optically activity at around 1675 cm -1 was observed at the early stage of the dehydration of casein (solid lines with arrow in Fig. 8(bottom) ). With further dehydration, the intensity of the left-handed amide II band at around 1565 cm -1 increased. When casein was visibly aggregated, the intensity of the sharp right-handed bands at around 1620, 1570, and 1540 cm -1 increased (dashed lines with arrow in Fig. 8(bottom) ). As with the Mb film, the initial increase in left-handed optical activity was observed, followed by the increase in right-handed optical activity corresponding to the apparent aggregation of casein.
We examined the influence of the orientation of the apparently aggregated casein on IR and VCD spectra. The aggregated casein film was prepared by the conservation inside the TOM-BOX for 50 h after 14 min of N2 drying of the casein stock solution. The wavenumber position and spectral pattern of the amide I and II bands in the film were different between the applied angles with respect to the light beam axis (Fig. 9) , indicating that the aggregated casein was likely to have anisotropy.
In both Mb and casein, the IR spectra corresponding to their apparent aggregation showed that a shoulder peak appeared at the lower wavenumber side of the amide I peak, and that another one at the higher side of the amide II (Figs. 4(top) and 8(top) ). In general, the lower shift of the stretching mode (in this case, amide I) and the higher shift of the bending mode indicate that the intermolecular interaction via the corresponding substituent group becomes stronger. 35 Thus, the present results indicate that the fractions of the peptide backbones with stronger hydrogen bonds between C=O and NH groups increased due to the aggregation.
In the VCD spectra for both Mb and casein, the increase in right-handed optical activity can be derived from the progress of their aggregation. Comparing the increase between right-handed optical activity and left-handed activity in both the proteins, the right-handed activity was greater than the left-handed activity, and the width of the right-handed optically active bands was narrower than that of the left-handed bands. This might be due to the aggregates possessing higher regularity in the structure in both the proteins than the structures that lead to their aggregation. Actually, the aggregation of proteins induces highly regular structures with right-handed optical activity such as insulin and lysozyme fibrils. 26, 29 In contrast, the initial increase in left-handed optical activity reflects the increase in the structural regularity of Mb and casein that leads to their aggregation. Here, the chirality of individual amino acid molecules in both the proteins should not be changed because their compositions were not changed due to dehydration. Thus, the increase in left-handed optical activity should be due to the increase in the regularity of high-ordered structures such as secondary ones. However, the increase has not been observed in several representative types of secondary structures. 14, [23] [24] [25] [26] [27] [28] [29] Here we propose two possible origins of the increase in the left-handed optical activity in both Mb and casein. One is that the increase may sensitively reflect the increase in the partial structural regularity of individual Mb or casein before their aggregation. Proteins in water naturally have a flexible structure with widely distributed conformations. The conformational changes of individual proteins are followed by their aggregation. Although it has been known that the fibrils of some proteins showed right-handed optical activity, there has been no evidence as yet for initial symptom before aggregation. 26 , 29 The removal of a small amount of hydrated water surrounding individual proteins may induce the partial transition from a flexible structure to more regular or crystalline structures with left-handed optical activity. The other is that the increase in left-handed optical activity may be due to the formation of the local aggregates between small fractions of denatured individual Mb or casein. Namely, the small fractions may initially form the aggregates with left-handed optical activity. And then, the aggregates may regularly assemble to larger aggregates in a higher structure class with right-handed optical activity. A representative example is the hierarchical structure of collagen. Collagen molecules have a right-handed triple helical structure that comprises three individual left-handed polypeptides, and then they assemble into super fibrils with a right-handed twist as observed by X-ray diffraction experiments. 36, 37 As another example, amyloid fibrils of insulin and lysozyme are also formed with such hierarchy. It is thought that the early prefibrillar aggregates assemble into mature fibrils. 9 Although the optical activity of the prefibrillar aggregates has not been clarified yet, the matured fibrils are known to show right-handed optical activity. 26, 29 As with collagen and amyloid fibrils, the aggregation of Mb and casein here may have similar steps toward the formation of aggregate with hierarchical structures. In addition, the appearance of the two peaks in the amide II bands due to the decrease of water observed in film 1 as described above may provide important information on the initial conformational changes of Mb. The peaks may also be useful as an indicator for the symptom of the initial conformational change of Mb before its aggregation.
Conclusions
We investigated the initial conformational change of α-helix-rich (Mb) and random-coil (casein) proteins induced by dehydration using VCD spectroscopy. In both the proteins, the increase in left-handed optical activity in the amide I region, which has not been previously reported, was observed followed by an increase in right-handed optical activity corresponding to the progress of the aggregation. We clarified that the increase in the structural regularity of Mb and casein with left-handed optical activity occurred before their visually detectable aggregation. We proposed that the increase in left-handed optical activity was due to the increase in the partial structural regularity of individual Mb or casein or the formation of the local aggregates between small fractions of the individual proteins. To examine the generality of the results obtained in Mb and casein, we need to study more proteins. However, it is worth noting that the conformational changes before the aggregation of the representative proteins with α-helix and random-coil structures were detected by the increase in left-handed optical activity in the amide I region.
